Hydrolytic deamination of cytosine to uracil in DNA is increased in organisms adapted to high temperatures. Hitherto, the uracil base excision repair (BER) pathway has only been described in two archaeons, the crenarchaeon Pyrobaculum aerophilum and the euryarchaeon Archaeoglobus fulgidus, which are hyperthermophiles and use single-nucleotide replacement. In the former the apurinic/apyrimidinic (AP) site intermediate is removed by the sequential action of a 5-acting AP endonuclease and a 5-deoxyribose phosphate lyase, whereas in the latter the AP site is primarily removed by a 3-acting AP lyase, followed by a 3-phosphodiesterase. We describe here uracil BER by a cell extract of the thermoacidophilic euryarchaeon Thermoplasma acidophilum, which prefers a similar short-patch repair mode as A. fulgidus. Importantly, T. acidophilum cell extract also efficiently executes ATP/ADP-stimulated long-patch BER in the presence of deoxynucleoside triphosphates, with a repair track of ϳ15 nucleotides. Supplementation of recombinant uracil-DNA glycosylase (rTaUDG; ORF Ta0477) increased the formation of short-patch at the expense of long-patch repair intermediates, and additional supplementation of recombinant DNA ligase (rTalig; Ta1148) greatly enhanced repair product formation. TaUDG seems to recruit AP-incising and -excising functions to prepare for rapid singlenucleotide insertion and ligation, thus excluding slower and energy-costly long-patch BER.
In all cells, deamination of cytosine to uracil is only surpassed by depurination as the most common hydrolytic DNAdamaging event (38) . While the apurinic/apyrimidinic (AP) site is primarily a cytotoxic lesion inhibiting replication or transcription, deaminated cytosines result in G ⅐ C to A ⅐ T transition mutations if they are not repaired before DNA synthesis. In addition, some dUTP escapes hydrolysis by dUTPase causing a certain amount of uracil introduced into DNA opposite adenine during replication (5, 32) .
Uracil is excised from DNA by a specific monofunctional uracil-DNA glycosylase (UDG) enzyme in virtually all organisms, including those living at the highest temperatures (22, 33, 47) . After such enzyme-catalyzed, as well as spontaneous, base removal, a single nucleotide is reinserted by the sequential action of a 5Ј-acting AP endonuclease, 5Ј-deoxyribose phosphate (5Ј-dRP) lyase, DNA polymerase, and DNA ligase (22, 32) , which constitute the short-patch mode of the base excision repair (BER) pathway. In eukaryotes, like mammals, the 5Ј-dRP lyase activity (35, 41 ) is a function of DNA polymerase ␤ (41, 62) . BER is quantitatively the most important repair mechanism for the removal of spontaneously generated base modifications in DNA and is thus necessary to secure genomic integrity (38) . The 5Ј-AP site remnant following strand incision blocks ligation, and when it is chemically modified in such a way that efficient removal by the 5Ј-dRP lyase is obstructed, polymerization will continue past one nucleotide and the downstream DNA strand is displaced. This long-patch mode of BER consequently generates a dislocated single-stranded DNA flap, which is removed by a structure-specific flap endonuclease to prepare for ligation (15, 29) .
In spite of the fact that the BER pathway is the most important mechanism to remove "unavoidable" DNA lesions generated by hydrolysis and metabolic processes, it has been little studied in archaea. Thus far, only two hyperthermophilic archaeons, the aerobic crenarchaeon Pyrobaculum aerophilum (54) and the anaerobic euryarchaeon Archaeoglobus fulgidus (30) , have been investigated. Whereas P. aerophilum accomplishes uracil replacement by the common mode as outlined above, A. fulgidus prefers to use a 3Ј-acting AP lyase, followed by a 3Ј-phosphodiesterase, to excise the AP site intermediate, although both organisms use the short-patch repair subpathway.
Being particularly interested in delineating the minimal BER machinery for genome maintenance, we decided to investigate the BER pathway in the euryarchaeon Thermoplasma acidophilum (optimum growth temperature, 59°C) (12) , which possesses the smallest genome (1.56491 Mbp) of any freeliving organism (51) . An argument favoring the choice of an euryarchaeon rather than a crenarchaeon is that the former usually represents a more appropriate model for the information processing machinery of eukaryotic cells than the latter (73) .
We found that T. acidophilum cell extract executed BER of uracil lesions differently than cell extracts of the previously studied P. aerophilum and A. fulgidus. Although single-nucleotide replacement was preferred, T. acidophilum also seems to be able to carry out efficient ATP/ADP-stimulated long-patch BER in the presence of deoxynucleoside triphosphates (dNTPs), which we describe here for the first time for the archaeal domain. After producing and characterizing the recombinant versions of the initiating UDG (rTaUDG; open reading frame [ORF] Ta0477) and the terminating DNA ligase (rTalig; Ta1148), we also provide the first information on the molecular decision-making between the short-patch and longpatch repair subpathways in archaea, by showing that high concentration of rTaUDG directs repair into the short-patch mode; probably to save energy and prepare the cell for rapid DNA ligation. To our knowledge, this is the first demonstration of such a regulatory role of UDG in repair and may be related to the apparent nonexistence of homologues to XRCC1 (for X-ray repair cross-complementing 1) and poly-(ADP-ribose) polymerase 1 or 2 (PARP1/2) in archaea, proteins thought to serve such regulatory functions in eukaryotes.
agarose (0.8% [wt/vol]) gel electrophoresis (using an gel E.Z.N.A. extraction kit). The inserts were ligated into the expression vector using T4 DNA ligase (New England Biolabs). The correct nucleotide sequence of the inserts was confirmed by DNA sequencing using the oligonucleotide primers 5Ј-CGACTCACTATAG GGGAATTGTG-3Ј (a forward primer) and 5Ј-CAAGGGGTTATGCTAGTT ATTGC-3Ј (a reverse primer). The expression plasmids produced recombinant Talig-His and TaUDG-His fusion proteins in which the C terminus was extended with the peptide HHHHHH. The ORFs were overexpressed in a 1-liter culture of Escherichia coli BL21 CodonPlus (DE3)-RIL cells (Stratagene) induced with 0.33 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) after the cells had reached the mid-log phase (optical density at 600 nm ϭ 0.5). The cells were harvested after 3 h of growth and crushed in a French press (2 ϫ 1,000 lb/in 2 ) using 10 ml of lysis buffer (50 mM Tris-HCl [pH 8], 0.5 M NaCl, 20% [vol/vol] glycerol, 10 mM imidazole) per g (wet weight) of cells (rTaUDG, 3 g of cells; rTalig, 4.8 g of cells). After removal of the cell debris by centrifugation, E. coli protein was precipitated by heat denaturation (rTaUDG, 50°C for 30 min; rTalig, 60°C for 30 min) and removed from the supernatants by centrifugation. The recombinant proteins were purified on a Ni column (Chelating Sepharose Fast Flow) supplied by Amersham Biosciences (catalog no. 17-0575-01) using stepwise elution with 50, 100, 150, 200, and 300 mM imidazole (rTaUDG peaked at 150 mM, while rTalig peaked at 100 mM), which resulted in ϳ15 mg of rTaUDG and ϳ20 mg of rTalig. The purity of the proteins was confirmed by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-12% PAGE) using Precision protein standards obtained from Bio-Rad (catalog no. 161-0304) as molecular weight markers.
Enzymatic assay for UDG activity. Substrate DNA was incubated with a protein extract or enzyme in 50 l of 70 mM MOPS (pH 7.5), 1 mM EDTA, 1 mM DTT, 100 mM KCl, and 5% (vol/vol) glycerol (reaction buffer 1) at 60°C, as described elsewhere (31) . [ 3 H]uracil-containing DNA (with a specific activity of 1,110 dpm/pmol) was a gift from G. Slupphaug and B. Kavli (34) .
Assays for incision of uracil-containing DNA fragments. Single-stranded oligonucleotides (end-protected by phosphorothioate, with four bonds at each end, to avoid degradation of the substrate by nucleases present in the cell extract; melting temperature, 65.8°C), with a uracil residue inserted at one position were supplied by Eurogentec S.A., labeled with 32 P at the 5Ј end using T4 polynucleotide kinase and [␥- P]dAMP cordycepin, respectively. Reactions with cell extract were performed in 45 mM HEPES-KOH (pH 7.8), 0.4 mM EDTA, 1 mM DTT, 70 mM KCl, and 2% (vol/vol) glycerol (reaction buffer 2) as described below and were terminated by the addition of 20 mM EDTA, 0.5% (wt/vol) SDS, and proteinase K (190 g/ml), followed by incubation at 37°C for 30 min, which was followed by phenol-chloroform-isoamyl alcohol (25:24:1) extraction and precipitation with ethanol. Separation of incision products was carried out on 20% polyacrylamide gels containing 7 M urea with a running time of 3 h at 300 V. Incubation with E. coli Ung plus AP endonuclease (Nfo) or AP lyase (Nth or Fpg) was performed in parallel to define the 3Ј end of the incised DNA. E. coli Ung was supplied by Invitrogen (catalog no. 18054-015, batch no. 1118529); Nfo was supplied by Trevigen (catalog no. 4050-100-EB); and the Nth and Fpg proteins were a gift from Serge Boiteux. Incubation with alkaline phosphatase (50 U; Invitrogen, catalog no. 18011-015) was performed at 65°C for 1 h.
BER assay. A general description of assays monitoring BER has been provided by Dianov (14) . BER assays were performed essentially as described previously (74) . A double-stranded oligonucleotide substrate with uracil inserted at a specific position (substrate 3, which is an identical unlabeled version of substrate 1) was incubated with cell extract in reaction buffer 2 supplemented with 5 mM MgCl 2 , 40 M dATP, 40 M dTTP, 40 M dGTP, and [␣- supplied by GE Healthcare (catalog no. 27-5140-01), which was equilibrated with 10 mM Tris-1 mM EDTA (pH 7.6) (TE buffer).
DNA ligase assays. DNA ligase-adenylate formation was examined by using [␣-32 P]ATP (3,000 Ci/mmol, 10 mCi/ml; catalog no. BLU503H250UC), [␣-32 P]dATP (3,000 Ci/mmol, 10 mCi/ml; catalog no. NEG512H250UC), and [ 32 P]NAD (800 Ci/mmol, 5 mCi/ml; catalog no. NEG023X250UC) supplied by PerkinElmer NEN (catalog no. NEG023X250UC) as cosubstrates. rTalig (17 pmol) (or 1 U of T4 DNA ligase supplied by Fermentas [catalog no. EL0015, 1 U/l] used as a positive control) was incubated with radiolabeled nucleotide in 50 mM Tris-HCl (pH 7), 5 mM DTT, and 0.1 mM MgCl 2 (adenylation buffer) at 50°C for the different time periods indicated below in a 20-l (final volume) mixture. Adenylation efficiency in pmol of nucleotide bonded to enzyme (see Fig.  8A ) was calculated by using the extent of adenylation of T4 DNA ligase as an internal standard (43) . Reactions were quenched by the addition of SDS to 1% (wt/vol). The reaction products were resolved by SDS-PAGE (10% gels).
DNA ligation assay was performed according to the method of Muerhoff et al. (44) and Poidevin and MacNeill (49) with some modifications. Different amounts of rTalig were incubated with 500 ng of BstEII-digested DNA (New England Biolabs) in 40 mM Tris-HCl (pH 7.5), 5 mM DTT, 5 mM MgCl 2 , and 70 mM KCl (ligation buffer) at 50°C for 5.5 h in a 20-l (final volume) mixture, and 2 mM ATP or 2 mM ADP was added as indicated below. The reaction was terminated by addition of 3 l of Gel Loading Dye Blue (6ϫ) supplied by New England Biolabs. The samples were heat treated at 70°C for 10 min and cooled on ice for 5 min before the DNA fragments in each sample were separated by agarose (1% [wt/vol]) gel electrophoresis at 100 V for 75 min using 1ϫ Tris-acetate (TAE) buffer as recommended by the manufacturer. The gel was stained with 3 l of SYBR Safe DNA gel stain supplied by Invitrogen. Band intensities were determined by measuring the fluorescence using the AlphaEaseFC software (Alpha Innotech). Ligase activity was calculated by measuring the net intensity of the product band (indicated as fragment 1ϩ4) relative to a nonsubstrate fragment (fragment 7) (see Fig. 8B ).
General procedures. Protein concentrations were determined by the method of Bradford (10) using BSA as the standard. Deoxyoligonucleotide size markers in the range of 6 to 61 nucleotides (nt) were used, preferably labeled at the 3Ј end by one-nucleotide extension using [␣- 
RESULTS

Excision of uracil from DNA by T. acidophilum cell extract.
The high-temperature growth conditions of T. acidophilum suggest a significant rate of spontaneous hydrolytic deamination of DNA cytosines into uracils (21, 22, 39) , which, like for all other organisms, necessitates uracil repair. As expected, incubation of [ 3 H]uracil-labeled DNA (common UDG substrate with uracil inserted opposite adenine) with T. acidophilum cell extract at pH 7.5 and 60°C, which is about the optimal growth temperature of T. acidophilum, resulted in a proteindependent (Fig. 1A ) and time-dependent (Fig. 1B) release of uracil from the DNA. Within the protein concentrations used and at the shortest incubation times, the reaction followed a strictly linear course. The maximum release of uracil from DNA was 0.2 fmol/min/g protein (Fig. 1A) .
Confirmation that the recombinant Ta0477 protein is an UDG. The UDG activity detected in T. acidophilum cell extract is probably a function of the protein coded by the ORF Ta0477; a putative family 5 UDG gene (53, 64) . Consequently, this ORF was amplified from genomic T. acidophilum DNA and overexpressed in E. coli in the form of a fusion protein gene, followed by purification to apparent physical homogeneity of a C-terminal His 6 -tagged recombinant protein (rTaUDG) (Fig. 2) . Based on the amino acid sequence (51), the estimated M r of TaUDG is 25,601, and the addition of six His residues to produce rTaUDG results in a theoretical M r of 26,531, which is consistent with its migration in SDS-PAGE (Fig. 2 ). Incubation of [ 3 H]uracil-labeled DNA with rTaUDG at 60°C for 30 min resulted in a protein-dependent release of uracil (Fig. 3A) , confirming the expected nature of the enzyme.
Kinetics of excision of uracil by rTaUDG. To specifically examine the efficiency of uracil excision from [ 3 H]uracil-labeled DNA by rTaUDG, initial velocities were measured as a function of the substrate concentration. The enzymatic release of uracil was determined over a substrate concentration range (25 g ) and the same substrate as described above (1,800 dpm; 1,600 fmol of DNA uracil residues) were incubated as described above for an increased period of time. Each data point represents the average of three to four independent measurements. (26) . Characterization of the incision products following excision of uracil from DNA by T. acidophilum cell extract. Following DNA glycosylase-mediated removal of damaged or noncognate bases (Fig. 4, step 1) , most organisms investigated primarily use hydrolytic AP endonuclease functions to incise DNA 5Ј to the AP site (Fig. 4, step 2b) , as defined by E. coli endonuclease IV (Nfo) (22) . The result is a 3Ј end primed with a free OH group, which is required for repair replication. The other Taogg, Ta0014m (Q9HM55); Tanth, Ta0790m (Q9HK18); Tanfo, Ta0891 (Q9HJS3); Taxth, Ta1506m (gene also designated exoA) (Q9HI41); Tapol␤, Ta0758 (Q9HK48); TapolB1, Ta0907 (contains motifs for uracil-sensing and PCNA-binding [51] , indicating PCNA-dependent postreplicative sensing of uracil) (Q9HJR0); TapolB2, Ta0450 (Q9HKZ3); Tarfc (replication factor C), large subunit (Ta1285 [Q9HIP7]) and small subunit (Ta1500m [Q9HI47]); Tapcna, Ta0917 (Q9HJQ0); Tafen, Ta1035 (Q9HJD4); and Talig, Ta1148 (Q9HJ26). dR, deoxyribose residue; dRЈ, modified deoxyribose residue (i.e., ␣,␤-unsaturated aldehyde); dRP, deoxyribose phosphate; P, phosphate group. A solid arrow indicates a step confirmed experimentally; a dashed arrow indicates a step not demonstrated experimentally yet. The role of the Mg 2ϩ -activated 5Ј33Ј exonuclease activity in BER is uncertain and therefore outlined by a green box. possibility is that an AP lyase function incises DNA 3Ј to the AP site (Fig. 4, step 2a ) by a ␤-elimination mechanism, leaving behind the AP site remnant on the 3Ј end as a 3Ј-␣,␤-unsaturated aldehyde or, alternatively, as a 3Ј-phosphate group if the ␤-elimination reaction is followed by ␦-elimination. We used E. coli endonuclease III (Nth) to define the 3Ј-␤ product and E. coli formamidopyrimidine-DNA glycosylase (Fpg) to define the 3Ј-␦ product (22) . It should be kept in mind that both the 3Ј-␣,␤-unsaturated aldehyde and the 3Ј-phosphate block DNA polymerization and must be removed by a 3Ј-phosphodiesterase (Fig. 4, step 3a) and a 3Ј-phosphatase, respectively, prior to repair replication (22) .
Thus, to characterize the 3Ј incision products following glycosylase-catalyzed excision of uracil from DNA (Fig. 4, step 1) , a defined single-stranded oligonucleotide with uracil inserted at a specific position was labeled with 32 P at the 5Ј end, annealed to a complementary strand with uracil opposite G, and used as a substrate (substrate 1) for T. acidophilum cell extract (Fig. 5A ). Incubation at 50°C for 10 min caused detectable incision of the 32 P-labeled strand, resulting in a 3Ј-␣,␤-unsaturated aldehyde (␤-elimination product), as defined by E. coli Nth ( . This is because dRP moieties are extensively detached from 5Ј ends by the alkaline conditions during electrophoresis (6), leaving behind 5Ј-phosphate ends. The amounts of 5Ј-dRP ends observed should therefore be considered as an underestimate. No incision was observed in the control lane, in which no cell extract was added (Fig. 5B, lane 1) . The presence of a phosphate group at both types of 5Ј ends formed by incision of the AP site (Fig. 4 , steps 2a and 2b) was confirmed by alkaline phosphatase treatment (Fig. 5B , lanes 3, 5, and 7).
Although the results presented above demonstrate that incision of the AP site following uracil removal by T. acidophilum cell extract can be carried out both by an AP lyase-catalyzed ␤-elimination reaction (Fig. 4 , step 2a) and by an AP endonuclease-catalyzed hydrolytic mechanism (Fig. 4, step 2b) , the question of whether complete removal of the AP site predominantly takes place by the former, followed by a 3Ј-phosphodiesterase (Fig. 4, steps 2a and 3a) , or by the latter, followed by a 5Ј-dRP lyase (Fig. 4, steps 2b and 3b) , remained unanswered. FIG. 5 . Experimental verification of the incision and excision steps of the BER pathway of T. acidophilum for repair of uracil in DNA. The 3Ј (A) and 5Ј (B) incision products and the 5Ј33Ј exonuclease (C) products following excision of uracil from DNA by T. acidophilum cell extract. Protein extract (7.3 g) was incubated with 0.177 pmol of substrate 1 (A) or 2.475 fmol of substrate 2a (B) at 50°C for 10 min in reaction buffer 2 with or without 5 mM MgCl 2 (final volume, 10 l), with E. coli enzymes (1 U of Ung; 1 g of Nfo, Nth, or Fpg) at 37°C for 10 min in buffer without MgCl 2 . (C) Protein extract (20 g) was incubated with 25 fmol of substrate 2b as described above. APh, treatment with alkaline phosphatase; 5Ј-dRP, 5Ј-deoxyribose phosphate; 3Ј-OH, AP endonuclease product; 5Ј-P, 5Ј-phosphate; ␤, ␤-elimination product (␣,␤-unsaturated aldehyde); ␦, ␦-elimination product. 5B , lane 6). Judged from several experiments using different samples of cell extract stored at Ϫ80°C for various time periods, the Mg 2ϩ -activated 5Ј33Ј exonuclease activity was robust and could be demonstrated in samples where the UDG and/or AP endonuclease functions were very weak or virtually absent (data not shown). Since these experiments were performed without the addition of dNTPs and thus under conditions unfavorable for DNA synthesis and 5Ј-flap formation (Fig. 4, step  3c ), the role of the Mg 2ϩ -activated 5Ј33Ј exonuclease activity in BER is unsettled (Fig. 4, green box) . Importantly, if MgCl 2 directs incision of the AP site to be carried out through an AP endonuclease-catalyzed hydrolytic mechanism (Fig. 4, step 2b ) rather than by an AP lyase-catalyzed ␤-elimination reaction (Fig. 4, step 2a) , the most abundant undegraded 40-nt fragment should contain a 5Ј-dRP and not a 5Ј-phosphate end, as the results show (Fig. 5C, lane 3) . This indicates that a significant fraction of the incisions of AP sites are carried out by AP lyase activity in T. acidophilum (Fig. 4, step 2a) , even if Mg 2ϩ is in rich supply, and such nicks need to be further processed by a 3Ј-phosphodiesterase function (Fig. 4, step 3a) .
Complete short-patch BER of uracil in DNA by T. acidophilum cell extract. Then, we investigated whether T. acidophilum is capable of complete BER, using an unlabeled version of the 60-nt DNA substrate used in previous experiments (substrate 3) (Fig. 6 ). Completely repaired DNA could be observed as a radiolabeled 60-nt band, because the dUMP lesion was replaced with [␣-32 P]dCMP. Since uracil was placed 21 bp downstream from the 5Ј end and the final DNA ligase reaction has been reported to be rate-limiting (68), the nonligated intermediate was expected to produce a 21-nt band (Fig. 6, upper  panel) if the short-patch mode of BER was operating (Fig. 4,  step 4a ). As expected, the presence of a 60-nt band after incubation with cell extract (7.3 g) at 50°C for 30 min demonstrated that T. acidophilum has the enzymes necessary for complete repair of uracil-containing DNA (Fig. 6, lane 2) , and the occurrence of a 21-nt band indicated that the short-patch repair mode described previously (29) was present (Fig. 4 , step 32 P]dCTP (designated "dNTPs-dCTP" in the figure) were added as indicated. The middle panel shows the results of a typical experiment, which demonstrate the presence of short-patch and long-patch repair intermediates and repair product following excision of uracil from DNA by T. acidophilum cell extract. Since long-patch repair replication introduces two or several [␣-
32 P]dCMP into the repair intermediates, their radioactive signal will be severalfold stronger than that of the short-patch repair intermediate (consider the sequence of substrate 3 in Materials and Methods). This has been adjusted for in the lower panel which shows the relative amount of the short-patch (S) and the major long-patch (L) repair intermediates formed (average of two experiments). Except for some large standard deviation (1.9 to 140%), only one of the experiments with AMPϩdNTPs added showed another relative amount (in that case about the same amount) between shortpatch and long-patch repair intermediates than illustrated by the bar graph. 4a). As a positive control, human cell extract also formed the expected 21-nt repair intermediate, as well as the fully repaired 60-nt product (data not shown). No band was observed after incubation with substrate without cell extract (Fig. 6, lane 1) , and no band that was of relevant size was observed in an analysis of samples after incubation without oligonucleotide substrate (data not shown). The results obtained with the latter control exclude the possibility that radiolabeled derivatives of, e.g., genomic DNA may falsely be identified as a repair intermediate(s) and/or product.
Demonstration of complete long-patch BER of uracil in DNA by T. acidophilum cell extract. The addition of dATP, dTTP, and dGTP together caused a huge reduction in the amount of the 21-nt repair intermediate at the same time as a strong band of ϳ35 nt and several faint bands with sizes between 21 and 35 nt appeared, and also a reduction in the amount of the 60-nt repair product was observed (Fig. 6, lane  3) , demonstrating that these nucleotides promote replication beyond the uracil site and perhaps also delay the completion of BER. Although bands of Ͼ21 nt may be the result of nonprocessive DNA synthesis, they may also represent intermediates of long-patch BER carried out by T. acidophilum cell extract. Indeed, the great dominance of DNA fragments of ϳ35 nt suggests that an ordered molecular process takes place.
Since the 60-nt product formed in the experiments using [␣-
32 P]dCTP principally can be the result of both short-patch as well as long-patch BER (Fig. 4, step 5 ), experiments were performed using [␣-
32 P]dTTP instead, which excludes radiolabeled and thus observable short-patch repair intermediate (Fig. 4, step 4a ) and product (Fig. 4, step 5, left) from the results. In this case ( Fig. 7 ; see Materials and Methods for details), nonligated repair intermediates (Fig. 4, step 3c ) are detected as radiolabeled bands of Ն24 nt when the dUMP lesion plus at least three of the downstream nucleotides in substrate 3 have been replaced with newly synthesized DNA. Accordingly, the occurrence of a strong 60-nt band after incubation with cell extract (7.3 g) at 50°C for 30 min in the presence of [␣-32 P]dTTP, dATP, dGTP, and dCTP demonstrated that T. acidophilum has the enzymes necessary for complete repair of uracil-containing DNA by the long-patch repair mode (Fig. 7, lane 3) . This conclusion was supported by the clustering of bands around ϳ35 nt, which confirms the approximate size of the repair intermediates that was previously observed using [␣-
32 P]dCTP as the labeling agent (Fig. 6,  lane 3) . As expected, no band was observed after incubation with substrate without cell extract (Fig. 7, lane 1) . In conclusion, the present results provide the first demonstration of long-patch BER (Fig. 4, steps 3c and 5, right) carried out by archaeal cell extract, displaying repair patches of ϳ15 nt. This length of the repair track suggests no involvement of the 5Ј33Ј exonuclease function, which digested the DNA 38 nt (with some pausing at 30 and 34 nt) downward from the lesion site (Fig. 5C ), in BER (Fig. 4, green box) .
BER of uracil in DNA by T. acidophilum cell extract is affected by the availability of different nucleotides. In the experiments using [␣-
32 P]dTTP as the labeling agent, the virtual absence of observable bands after incubation without any nucleotide added indicated that certain nucleotides are required to demonstrate efficient long-patch BER carried out by T. acidophilum cell extract (Fig. 7, lane 2) . The experiments using [␣-32 P]dCTP showed the same in addition to showing that addition of nucleotides was not necessary to demonstrate short-patch BER (Fig. 6, lane 2) . Consequently, nucleotides known to interfere with DNA repair and replication processes such as ATP (replication clamp assembly, DNA helicase activation and charging of archaeal and mammalian DNA ligases by adenylation) (22, 32, 36) , ADP (a possible alternative for ATP in [hyper]thermophiles) (27) , AMP (the energy-deficient counterpart to ATP and/or ADP which may inhibit their action), and NAD (charging of bacterial DNA ligases by adenylation) (32, 49) were assayed for their effect on BER with or without dNTPs added. When [␣-32 P]dCTP was used as the labeling nucleotide, a direct comparison of the short-patch and long-patch BER modes can be made from the amount of repair intermediates formed. It should be recognized, however, that since long-patch repair replication introduces two or several [␣- 32 P]dCMP into the repair intermediates (consider the sequence of substrate 3 presented in Materials and Methods), their radioactive signal will be severalfold stronger than that of the short-patch repair intermediate. Although this has been adjusted for in Fig. 6 (lower panel), only large differences between repair intermediates and products were considered conclusive due to large variations between experiments. Addition of ADP seemed to result in a marginal increase in the amount of the ϳ35-nt long-patch repair intermediates (Fig. 6 , lane 6 and lower panel, and Fig. 7 , lane 6) which, however, increased significantly by simultaneous addition of dNTPs (Fig.  6 , lane 7 and lower panel, and Fig. 7, lane 7) . More experimentation should be made to establish the effect of addition of AMP and NAD alone (Fig. 6, lanes 4, 8, and 10 ) or together with dNTPs (Fig. 6, lanes 9 and 11) on the formation of longpatch and short-patch repair intermediates. In particular, the effects of ATP, ADP, and AMP on short-patch BER need to be compared (Fig. 6 , lanes 6 and 8, and lower panel). Of course, efficient long-patch BER requires dNTPs and, as mentioned above, was demonstrated by means of their addition (Fig. 6, lane 3, and Fig. 7, lane 3) . More interesting was the result obtained when ATP was added together with [␣-32 P]dCTP, DNA substrate, and cell extract (Fig. 6 , lane 4, and lower panel), showing an amount of ϳ35-nt long-patch repair intermediates similar to that observed following the addition of dNTPs but not of ATP (Fig. 6, lane 3) . When ATP was supplemented together with dNTPs, the amount of the long-patch repair intermediates increased (Fig. 6 , lane 5, and lower panel, and Fig. 7, lane 5) .
From the results presented above (Fig. 6 , lower panel) we may conclude the following. (i) The addition of dNTPs to T. acidophilum cell extract consistently suppressed the formation of the short-patch BER intermediate (Fig. 6, lanes 3, 5, 7, 9 , and 11) and, in most cases, also the formation of repair product (Fig. 6, lanes 3, 7, 9 , and 11). At the same time, the formation of long-patch repair intermediates was greatly augmented. (ii) ATP is alone, i.e., without the addition of dNTPs, able to significantly stimulate the formation of long-patch repair intermediates without suppressing the formation of the shortpatch repair intermediate (Fig. 6, lane 4) ; together with dNTPs, this stimulation is increased. (iii) ADP cannot efficiently stimulate the formation of long-patch repair intermediates alone (Fig. 6, lane 6 ) but causes significant stimulation in the presence of dNTPs (Fig. 6, lane 7) . The stimulatory effect of ATP supplementation, in particular, shows that the cellularly generated dNTPs present in cell extract are sufficiently stable to support a significant amount of long-patch repair replication. Therefore, some additional experiments were performed using gel-filtrated cell extract, to remove small-molecular-weight constituents before the addition of nucleotides; experiments were performed with both [␣- 32 P]dCTP and [␣-32 P]dTTP as the labeling agent. However, the results were essentially the same as with untreated extract (data not shown), which indicate interactions between nucleotides and cellular proteins resistant to diffusion in addition to a partly preadenylated cellular DNA ligase function.
Confirmation that the recombinant Ta1148 protein is a DNA ligase and some characterization of its properties. The DNA ligase activity present in T. acidophilum cell extract (Fig.  6, lane 2) is probably a function of the protein coded by the ORF Ta1148; a putative ATP-dependent ligase gene (51) . For that reason, this ORF was amplified from genomic T. acidophilum DNA and overexpressed in E. coli in the form of a fusion protein gene followed by purification to apparent physical homogeneity of a C-terminal His 6 -tagged recombinant protein (rTalig) (Fig. 2) . Based on the amino acid sequence (51), the estimated M r of Talig is 66,537, and the addition of six His residues to construct rTalig results in a theoretical M r of 67,467, which is quite consistent with its migration in SDS-PAGE (Fig. 2) .
Incubation of [␣-32 P]ATP (3.3 pmol) with rTalig (17 pmol) at 50°C for 1 to 30 min resulted in a time-dependent increase in adenylation of the protein (Fig. 8A) . Adenylation of T4 DNA ligase, which was used as a positive control, was also observed, as opposed to incubations without nucleotide or enzyme which caused no radiolabeling. As expected, incubation with [ 32 P]NAD caused no adenylation (data not shown). These results confirm that Talig is an ATP-dependent DNA ligase. In addition, rTalig was adenylated 1 to 2 orders of magnitude less efficiently by the same amount of [␣-
32 P]dATP compared to [␣-32 P]ATP; i.e., 6.2 and 0.34% of the rTalig were adenylated by ATP and dATP, respectively, after incubation for 30 min under the same conditions. T4 DNA ligase was also adenylated by dATP, while incubations without nucleotide or enzyme caused no radiolabeling (Fig. 8A) .
Since archaeal DNA ligase with ADP dependency has been reported (27) , we prompted to compare the capacity of ATP and ADP to activate rTalig. Thus, the ability of increasing concentrations of rTalig to ligate DNA was assayed in the presence of these nucleotides as well as without them. The results show that at the lowest amount of rTalig used (0.002 pmol), ADP was virtually as efficient as ATP in stimulating ligation (Fig. 8B) . When rTalig concentration was increased 10-fold, the observed difference between ligation activity with or without cosubstrate added decreased. In fact, at the highest amounts of rTalig used (0.2 and 2 pmol) ATP and ADP may even cause some inhibition (Fig. 8B) . These results accord with previous observations which showed that assaying for nucleotide requirements should be performed at ligase concentrations significantly lower than the substrate concentration, because a significant amount of purified recombinant enzyme produced in E. coli is preadenylated (49) . Indeed, since only 1 pmol or less than one-third of the [␣-32 P]ATP label added in the experiment described above was bounded to rTalig (Fig.  8A) , the remainder of the protein, i.e., 94%, seemed to be preadenylated.
rTaUDG enhances and directs BER executed by T. acidophilum cell extract into the short-patch mode which then can be efficiently concluded by rTalig. The results presented above show that only short-patch BER was easily detected in T. acidophilum cell extract if no nucleotide except [␣-32 P]dCTP was added to the incubation mixture (Fig. 6, lane 2) , although the addition of dNTPs together with ATP or ADP enhanced long-patch BER to a similar level (Fig. 6 , lanes 5 and 7, and lower panel). However, long-patch BER is highly energy-inefficient and therefore disadvantageous for cell survival and should accordingly be kept under tight control. To sort out possible protein components that may be involved in the molecular decision-making between short-patch and long-patch BER, we conducted experiments under conditions where the latter was most prominent (Fig. 6, lanes 5 and 7) , i.e., in the presence of dNTPs, as well as either ATP or ADP (Fig. 9, lanes  5 and 10) . Since the BER initiating and terminating enzymes have been proposed as chief determinants in other organisms (68), we sought to determine whether the availability of UDG and/or DNA ligase influences the mode of BER carried out by T. acidophilum cell extract. Thus, rTaUDG and rTalig individually or in combination were included in the experiments using similar assay conditions as before. Similar experiments evaluating the effect of addition of rate-limiting BER components together with human cell extract have successfully been carried out previously (3) . Interestingly, the addition of rTaUDG alone caused a severalfold increase in the 21-nt short-patch repair intermediate and a decrease in the major long-patch repair intermediates, with some increase in fully repaired DNA (Fig. 9, lanes 6 and 11, and lower panel) , while the addition of rTalig alone resulted in essentially the disappearance of the short-patch repair intermediate and a small or no reduction in the amount of the long-patch repair intermediates (Fig. 9,  lanes 7 and 12, and lower panel) , showing that it is the former that is most efficiently converted to repair product. The combined addition of rTaUDG and rTalig caused a 1 order of magnitude increase in the amount of repair product at the same time as a large amount of the 21-nt intermediate was still present (Fig. 9, lanes 8 and 13, and lower panel) . The amount of long-patch repair intermediates was similar to that observed (Fig. 9 , lanes 6 and 11, and lower panel). Experiments were also performed without the addition of ADP or ATP (Fig. 6, lane 3 , and lower panel), to decrease the short-patch mode as much as possible without alleviating the potential for long-patch repair synthesis, with rTaUDG and rTalig together. The results showed that ADP or ATP rather inhibited than promoted repair product formation, i.e., ligation (Fig. 9 , lane 9, and lower panel), in the presence of such a high concentration of the extensively preadenylated rTalig, which also accords with the results obtained from the ligation assay (Fig. 8B, lower panel) . The huge increase in repair product formation without significant accumulation of repair intermediates by the addition of rTaUDG and rTalig also suggests that these enzymes are rate-limiting, i.e., the cell extract provides sufficient AP site-incising and excising and DNA-synthesizing power to comply with a considerable supplement of the initiating and terminating BER enzymes. To a great extent, this accords with the results on nuclear extracts prepared from eight human cell lines showing that the initiating UDG was the major rate regulator and DNA ligase III a minor rate regulator for the repair of uracil opposite G (71). As expected, no repair product or intermediates was observed after incubation with substrate without cell extract and recombinant enzymes (Fig. 9, lane 1) , without extract but with recombinant enzymes (Fig. 9, lane 2) or with extract but without recombinant enzymes and [␣-32 P]dCTP (Fig. 9, lane 3) , as well as with extract but without recombinant enzymes and DNA substrate (Fig. 9, lane 4) . In addition, no repair intermediates or product was detected in identical control incubations using ATP (data not shown) instead of ADP (Fig. 9, lanes 1 to 4) as cosubstrate.
Thus, the addition of rTaUDG almost totally shifted repair replication toward single-nucleotide insertion (Fig. 9 , lanes 6 and 11, and lower panel). The addition of rTalig resulted in virtually disappearance of the 21-nt short-patch repair intermediate, which was converted to repair product, while no clear reduction in the amount of the long-patch repair intermediates could be seen (Fig. 9, lower panel) . The addition of both rTaUDG and rTalig caused a huge increase in the amount of repair product at the same time as a large amount of the 21-nt short-patch repair intermediate was still present; the amount of long-patch repair intermediates was similar to that observed after the addition of rTaUDG alone (Fig. 9, lower panel) . In conclusion, the initiating glycosylase enzyme promotes shortpatch and inhibits long-patch BER and is thus probably a major molecular determinant in the choice between these two repair modes.
DISCUSSION
Since all cells are essentially a complex aqueous solution of bioorganic and inorganic molecules and supramolecular structures such as DNA confined by a plasma membrane, it is quite expected that base loss and deamination of cytosine to uracil resulting from hydrolytic attacks are the most common types of DNA damage. They are all primarily repaired by BER, which in its simplest form encompasses four and five excision/reconstruction steps to replace an AP site and a damaged nucleotide, respectively, with the original nucleotide entity (see Fig.  4 ) (22) . Reasonably, BER of uracil in DNA has been studied on a variety of organisms representing the three domains of life. However, BER has thus far only been studied in two archaeons; the aerobic crenarchaeon P. aerophilum (54) and the anaerobic euryarchaeon A. fulgidus (30) . To pursue the investigation on archaeal BER, T. acidophilum became our organism of choice. First, because it has a very small genome (51) that may point toward a minimal BER machinery for genome maintenance and, second, because aerobic euryarchaeons are likely to be considered as the most simple prokaryotic model systems for eukaryotic, including mammalian cells (73) . The latter argument specifically applies to T. acido- where it is taken into account that one ϳ35-nt long-patch repair intermediates contains ϳ5 [ 32 P]dCMPs, while one short-patch intermediate contains only one radioactive label, i.e., the signal of the former was amplified five times compared to the latter (as in the upper panel). Except for some large standard deviations (2.2 to 90%), only one of the experiments with CE ϩ rTalig and ADP added showed another relative amount (in that case more long-patch repair intermediates than repair product) between the repair intermediates and product than illustrated by the bar graph. CE, cell extract; L, major longpatch repair intermediates; P, repair product; S, short-patch repair intermediate.
philum, because its chromosome is organized into histonecontaining nucleosome-like structures (65) .
(Hyper)thermophilic bacteria and archaea contain UDGs of families 4 to 6, as well as enzymes belonging to the MIG group. For instance, P. aerophilum contains one family 4, one family 5, and one MIG enzyme (53, 55, 76) , while A. fulgidus contains only one UDG of family 4, Afung (30) . Similar to the latter organism, only one gene coding for a putative UDG, of family 5, is present in the T. acidophilum genome (51) . We have overproduced here the corresponding rTaUDG protein (Fig.  2) and confirmed its identity as UDG (Fig. 3) , including the ability to function in BER (Fig. 9) . rTaUDG displays biochemical characteristics similar to those of other hitherto-characterized family 4 and 5 enzymes (see Results for details). As opposed to Afung (75) , no proliferating cell nuclear antigen (PCNA)-binding motif seems to be present in TaUDG (51, 75) . The molecular details regarding the removal of uracil incorporated opposite adenine in DNA during replication may thus be different in A. fulgidus and T. acidophilum.
Although not yet conclusively established, TaUDG is most likely the only UDG in T. acidophilum.
As opposed to the common mode of BER carried out by mammalian cells and also exhibited by purified enzymes and cell extract of P. aerophilum (54) , with base excision (Fig. 4 , step 1), followed by AP endonuclease-catalyzed strand incision (Fig. 4, step 2b) , we recently found that following uracil excision by the Afung protein in cell extract of A. fulgidus the AP site is predominantly processed by a lyase function (Fig. 4, step  2a) , followed by 3Ј-phosphodiesterase activity (Fig. 4, step 3a ) (30) , implying that the latter is more important than the 5Ј-dRP lyase activity (Fig. 4, step 3b) to prepare for the reconstruction steps of BER. The results presented here indicate that this is also the case in T. acidophilum (Fig. 4, step 2a , and Fig. 5A ), which, however, also contains an efficient AP endonuclease function (Fig. 4, step 2b, and Fig. 5B) . Indeed, the AP lyase activity of bifunctional mammalian glycosylases seems to be inefficient and largely uncoupled from the efficient glycosylase activity, which is stimulated by the downstream APE1 endonuclease. Instead of incising, the glycosylase/lyase protein more likely dissociates from the resulting AP site, leaving it for efficient endonucleolytic cleavage by the APE1 protein (66, 70) . The T. acidophilum genome (51) contains two ORFs, Ta0790m and Ta0014m, that may encode AP lyase enzymes, designated Tanth and Taogg, respectively (Fig. 4, step 2a) . The ORFs Ta1506m and Ta0891 are homologous to the E. coli xthA and nfo genes, respectively, and are possible candidates to code for both the hydrolytic AP endonuclease and the 3Ј-phosphodiesterase functions (here designated Taxth and Tanfo; Fig. 4 , steps 2b and 3a). Since XthA, as opposed to Nfo, is dependent on Mg 2ϩ (22) , the apparently huge stimulation of 3Ј-phosphodiesterase activity by Mg 2ϩ suggests that Taxth is the major 3Ј-phosphodiesterase in T. acidophilum. Perhaps Tanfo is the major AP endonuclease since this activity was not stimulated by Mg 2ϩ supplementation. Similar to our results, lyase-catalyzed incision of AP sites may be preferred by Schizosaccharomyces pombe (4) and play a significant role in Saccharomyces cerevisiae (9, 24) ; the latter organism contains an efficient 3Ј-phosphodiesterase activity that has been demonstrated to be a function of the Apn2 protein (69) .
Only single-nucleotide insertion or short-patch BER has been reported for P. aerophilum (54) and A. fulgidus (30) . The results presented here suggest that this subpathway is the most important mode of BER in T. acidophilum as well (Fig. 6 ). However, in contrast to A. fulgidus and P. aerophilum, where a putative B family polymerase (AfpolB2 and PapolB2, respectively) serves as the functional homologue to the mammalian DNA polymerase ␤ in short-patch BER (13, 22, 60) , T. acidophilum contains both the former (TapolB2) and a polymerase ␤ ortholog (Tapol␤), which may serve overlapping functions (Fig. 4, step 4a) . However, an interesting difference to the mammalian enzyme is that Tapol␤ seems to lack 5Ј-dRP lyase activity, suggested by the presence of a tyrosine (51) rather than a lysine at the position equivalent to Lys 72 of mammalian ␤-polymerases, which is believed to form the Schiff base intermediate in the ␤-elimination reaction (7) . A future goal should be to overproduce and purify the TapolB2 and Tapol␤ proteins to characterize their biochemical properties and elucidate their functional relationship. For the first time in archaea, we demonstrate here that T. acidophilum cell extract is able to carry out efficient long-patch BER mostly displaying repair patches of about 15 nt (Fig. 6  and 7 ) as opposed to 2 to 8 nt in human cells (2, 29) . It seems likely that the DNA flap formed during repair synthesis is removed by the protein coded by ORF Ta1035, a putative flap endonuclease gene (designated Tafen) (Fig. 4, step 4b) . Indeed, the sometimes inefficiency of rTalig added at a high concentration to convert the major long-patch repair intermediates into repair product (Fig. 9, lane 12) is likely the result of an inefficient preceding step (Fig. 4, step 4b) . We suggest that a limiting concentration and/or activity of the putative Tafen, which like the human FEN-1 may be inhibited by KCl added to the incubation mixture (25) , provides the flap-removing function of long-patch BER in T. acidophilum. Importantly, longpatch repair synthesis was consistently stimulated by the addition of dNTPs at the expense of single-nucleotide insertion (Fig. 6 ). More remarkable, however, was the observation that the addition of ATP alone mobilized a significant level of long-patch repair synthesis dependent on the dNTP pool present in the cell extract. Since ADP alone exhibited no such effect (Fig. 6, lane 6) , it was surprising that it stimulated longpatch repair synthesis comparable to that of ATP in the presence of dNTPs (Fig. 6, lane 7) . The molecular basis for these effects remains unclear. However, ATP-binding and hydrolysis are involved in replication clamp (PCNA)-loading and association to DNA polymerase in A. fulgidus (58) . Certain 5Ј33Ј helicases dependent on ATP, such as Xeroderma pigmentosum factor D (XPD)/Rad3-like proteins (50, 51) , may also facilitate long-patch BER synthesis.
In mammals, long-patch repair synthesis of Ͼ2 nt seems to mainly take place in proliferating cells (2) carried out by replicative DNA polymerases with an associated 3Ј35Ј exonuclease proofreading function, by which enhanced processivity is achieved by PCNA binding (15, 22) . This may also apply to euryarchaeons, and in T. acidophilum one putative family B polymerase (TapolB1; coded by ORF Ta0907) and the putative family D polymerase meet these criteria (51) . Like other family B, as opposed to family D, polymerases of archaea, sequence alignments indicate the presence of an N-terminal uracil-binding pocket in TapolB1 (51) , which is able to recognize uracil in the template strand and cause termination of (Fig. 4, step 3c ). Only one putative DNA ligase gene is present in the T. acidophilum genome (51), which probably codes for the protein that concludes the BER pathway (Fig. 4, step 5) . Here, we have overproduced the corresponding rTalig protein (Fig. 2) and confirmed its identity as a DNA ligase (Fig. 8) , including the ability to function in BER (Fig. 9) . Archaeal DNA ligases are ATP dependent, sharing sequence homology with eukaryotic enzymes (16) , which accords with our demonstration of adenylation of rTalig by ATP as opposed to NAD (Fig. 8A and data not shown) . Like our results, other reports also indicate relaxed nucleotide cofactor requirements among archaeal DNA ligases. As we found for rTalig (Fig. 8B) , recombinant Aeropyrum pernix ligase uses ADP almost as efficiently as ATP (27) , and Methanobacterium thermoautotrophicum (63) and Sulfolobus shibatae (36) contain ligases that can use dATP instead of ATP, in the latter case inefficiently like rTalig (Fig. 8A) .
When a modified (e.g., reduced or oxidized) AP site remnant cannot be efficiently excised by 5Ј-dRP lyase, DNA synthesis continues, which results in long-patch BER (see Fig. 4 , steps 3c, 4b, and 5) (29) . However, this scenario does not apply to uracil, which is repaired by both the short-patch and the long-patch subpathways (1, 2, 13, 60). Moreover, the last decade additional factors determining the subpathway have been identified (15, 20) . In mammalian cells the XRCC1 scaffold protein is important for short-patch BER (1, 35) and is believed to recruit BER proteins to, and coordinating them at, the lesion site (20) . It also interacts with PCNA (17), possibly stimulating long-patch BER carried out by replicative polymerases. Interestingly, sufficient ATP for adenylation resulted in rapid ligation by DNA ligase III, facilitating short-patch BER, whereas ATP shortage caused a delay in ligation that promoted polymerase ␤-catalyzed strand-displacing DNA synthesis stimulated by XRCC1 (48) . This contrasts somewhat with our results, where the addition of ATP to incubation mixtures of T. acidophilum cell extract stimulated the formation of long-patch repair intermediates ( Fig. 6 and 7) .
The addition of ATP or ADP in the presence of dNTPs to incubation mixtures of T. acidophilum cell extract greatly stimulated the formation of long-patch repair intermediates at the same time as repair product formation sometimes seemed to be inhibited or delayed (Fig. 9, lines 5 and 10) . The apparently energy costly or obstructive effect of these nucleotides was rescued, however, by the supplementation of rTaUDG and rTalig together to the cell extract, which strongly enhanced repair product formation, thus indicating that both are ratelimiting components (Fig. 9, lines 8 and 13) . When a sufficient amount of TaUDG was available under conditions favoring long-patch repair synthesis, TaUDG directed repair into the short-patch mode (Fig. 9, lines 6 and 11) , which then could be efficiently concluded by DNA ligase action (Fig. 9, lines 8 and  13 ). Although these results comply with the suggested function of human UDG in controlling the rate of BER (71), our findings provide, to our knowledge, the first evidence of an important role of UDG in determining the BER subpathway. The T. acidophilum genome (51) contains neither a gene homologue to the XRCC1 (UniProtKB/Swiss-Prot accession number P18887) gene nor a gene homologue to a gene encoding a putative PARP1 or 2 protein (UniProtKB/Swiss-Prot accession numbers P09874 and Q9UGN5, respectively), which also has been suggested as a possible mammalian repair recruiter and regulator (15, 20, 67) , so perhaps this organism uses UDG itself for such purposes. In this regard, we propose the following working hypothesis consisting of two scenarios. According to scenario 1, when enough TaUDG is available to protect the resultant AP site following uracil excision, it will recruit downstream strand-incising proteins, including a repair polymerase (Tapol␤ and/or TapolB2), to prepare for single-nucleotide insertion and ligation. Indeed, family 5 UDGs do not immediately turn over and are attached to the product AP site for some time (53, 64) until a consecutive protein probably facilitates their removal (53) . Besides, in contrast to the major human UDG (hUNG2) (46) and also A. fulgidus Afung (30), TaUDG does not seem to contain any PCNA-binding motif (51, 75) . This may relate to a role in regulating short-patch BER, which necessitates exclusion from long-patch repair protein assembly. According to scenario 2, at a low TaUDG concentration, an AP endonuclease (Taxth and/or Tanfo) attaches to and incises the AP site more frequently (Fig. 4, step 2b) initiating PCNA-promoted long-patch repair replication (Fig.  4, step 3c ). It should be noted that the divergence between the short-patch and long-patch BER mode is greater in T. acidophilum than in mammalian cells. Synthesis of the major longpatch repair tracks of ϳ15 nt made by T. acidophilum cell extract is probably performed by a replicative polymerase attached to PCNA (Fig. 4, step 3c ), whereas synthesis of the much shorter patches in human cells (2, 29) (commonly 2-nt insertions) is often made by polymerase ␤ (2, 35). A future task should be to isolate and characterize possible short-patch and long-patch repair complexes from archaeons similar to those obtained from mammalian cell extracts (1) .
A guesstimate of the total number of enzymes participating in short-patch BER results in eight for the two euryarchaeons T. acidophilum (genome size, 1.56491 Mbp) (51) and A. fulgidus (genome size, 2.1784 Mbp) (28) and nine for the crenarchaeon P. aerophilum (genome size, 2.22243 Mbp) (18) ( Table  1 ). For instance, P. aerophilum contains three UDGs (54) as opposed to only one in T. acidophilum (51) and A. fulgidus (30) . However, these numbers obscure the fact that P. aerophilum seems to rely on only three downstream enzymes, i.e., one AP endonuclease (PaEndoIV), one DNA polymerase (PapolB2), and one DNA ligase (54) , in contrast to seven downstream enzymes for T. acidophilum (Fig. 4) and six downstream enzymes for A. fulgidus (30) . Thus, although T. acidophilum contains one of the smallest genomes in nature, which relies on one UDG and one DNA ligase, its BER machinery does not seem to be particularly simple compared to other archaeons.
The euryarchaeon Methanothermobacter thermautotrophicus has a genome without an UDG family gene, and repair can be initiated in vitro by an exonuclease III (XthA) homologue which incises DNA at the 5Ј-side of a 2Ј-deoxyuridine residue, followed by DNA synthesis by a B-family polymerase, 5Ј-flap removal by a flap endonuclease, and DNA ligation (23, 57) . However, the importance of this intriguing repair mechanism in vivo needs to be established, since the M. thermautotrophicus genome contains ORFs for several putative DNA glycosylases that cannot yet be excluded from participating in uracil repair (61) .
Concluding remarks. We found that, under conditions of a rich supply of nucleotides, T. acidophilum cell extract exhibits a significant capacity to carry out long-patch BER of uracil in DNA. Intriguingly, although both BER subpathways should be initiated by TaUDG, it nevertheless directs repair into the more energy efficient short-patch mode. Thus, our results suggest a novel control function for TaUDG, pinpointing a simpler regulatory network in archaeons than in eukaryotes, where the BER enzymes themselves perform functions in the former that are taken care of by additional proteins like XRCC1 and PARP1/2 in the latter. Perhaps the short-patch promoting ability of TaUDG is necessary to efficiently conclude repair in a cellular environment that favors long-patch repair synthesis, the latter being just a consequence of the nucleotide levels necessary for other cellular functions, such as DNA replication, that are obligatory for optimal cell growth. Indeed, the polymerase-blocking 3Ј remnant created by the probably preferred lyase incision of the AP site protects by itself the cells from quickly starting repair synthesis at the same time as the 5Ј end is ready for ligation. Accordingly, it is interesting that from a study on human cells, patch sizes longer than 2 nt were only made by extracts from proliferating cells (2) . We are interested in determining whether long-patch repair may, to a certain extent, be a diversion from efficient repair rather than to serve an advantageous function in the cell. a AP endo, apurinic/apyrimidinic endonucleases; 3Ј-P diesterases, 3Ј-phosphodiesterases. See Fig. 4 and the text for further details. b Afung (AF2277) (31, 52) and AfalkA (AF2117) (8, 37) 
